Abstract. The aim of the present study was to investigate the clinical significance of hsa-microRNA-124-3p (miR-124) in osteosarcoma (OS), and examine its role in cell growth and invasion. Using a microRNA chip array, the expression of miR-124 was detected in samples of surgically resected OS and matched against the levels of expression in tumor-adjacent normal tissues. The levels of miR-124 were upregulated in the OS cells through the transfection of miR-124 mimics. Cell proliferation and Transwell assays were performed to determine cell proliferation and invasion; Reverse transcription-quantitative polymerase chain reaction, western blot and luciferase assays were then used to detect the expression of the target gene snail family zinc finger 2 (Snail2). The expression of miR-124 was significantly lower in the OS tissues, compared with that in the tumor-adjacent normal tissues; and the expression of miR-124 in the tumor tissues was significantly associated with tumor size. miR-124 directly repressed the expression of Snail2, and resulted in a significant inhibition of cell proliferation and invasion. In a mouse model, the overexpression of miR-124 significantly inhibited U2OS cell proliferation and invasion. Taken together, miR-124 was associated with the adverse clinical and pathological features observed in OS. It acted as a tumor suppressor to regulate the proliferation and invasion of OS cells by targeting Snail2, suggesting that miR-124 may be key in the progression of OS.
Introduction
Osteosarcoma (OS) is one of the most common and life-threatening primary malignant tumors, particularly in children and young adults (1, 2) . Although it is a rare malignant bone neoplasm, its incidence has been reported to be increasing at an annual rate of 1.4% over the last 25 years (3, 4) . Advances in the diagnosis and treatment of other types of cancer have markedly reduced OS incidence and mortality rates, however, the 5-year overall survival rate for OS remains low (4, 5) . This may be attributed to its high recurrence rate, or its tendency to rapidly destroy surrounding tissues and metastasize to other tissues. As a result, patients with metastasized OS have <20% chance of long-term survival despite the use of neoadjuvant chemotherapy (6) . Previous studies report a lack of complete understanding with regard to the initiation and development of OS metastasis; the biological and pathological information underlying these processes remain to be fully elucidated. Therefore, in addition to investigating innovative treatments for OS, its biological mechanisms require elucidation.
MicroRNAs (miRNAs) function as genetic modulators, which regulate the translation from mRNA to protein by targeting the 3'untranslated region (3'UTR) of cognate targets (7) . They are also involved in a wide range of biological processes, including tumor cell migration, invasion, proliferation, cell cycle and apoptosis (8, 9) .
Increasing evidence has indicated that the dysregulation of miRNAs contributes to the proliferation and invasion of human cancer. A previous study, which compared the miRNA expression profiles of human OS cell lines with those in clinical samples, found that miRNA (miR)-1, miR-9, miR-18a, miR-18b, miR-126, miR-133b, miR-144, miR-195 and miR-451 were decreased in cell lines and clinical samples, compared with normal bone tissues (10) (11) (12) . This demonstrated that certain miRNAs, including miR-33a, miR-150, miR-497 and miR-506, act as tumor suppressors (13) (14) (15) (16) . A number of previous studies have identified that miRNAs may serve as biomarkers for
MicroRNA-124 acts as a tumor-suppressive miRNA by inhibiting the expression of Snail2 in osteosarcoma
cancer risk stratification, outcome prediction, and even classification of the severity of the cancer (17) . The identification of the miRNA molecule targets involved in tumor pathology may also provide insights into OS prognosis and facilitate the development of therapy for patients with OS (9) . To understand the biological functions of miRNA in OS, the present study applied the model used in previous studies using clinical samples of OS (18) . The expression of miRNAs was detected in samples of surgically resected OS and matched to tumor-adjacent normal tissues via a miRNA chip. Using this miRNA chip, it was found that miR-124 was markedly downregulated in the OS tissues, compared with that in the adjacent normal bone tissues. Previous clinical studies have reported that miR-124 dysregulation occurs in several types of cancer (18) (19) (20) (21) (22) , however, the roles of miR-124 in human OS have not been well clarified. Therefore, the present study aimed to examine the biological functions and molecular mechanisms of miR-124 in OS, and discuss its future prospect as a therapeutic biomarker of OS.
Gain-of-function studies showed that the upregulation of miR-124 in OS cells was significantly correlated with the proliferation, invasion and tumor growth of OS cell lines. miR-124 significantly decreased tumor volume and weight in vivo. Bioinformatics analysis predicted that snail family zinc finger 2 (Snail2) may be a potential target of miR-124. The subsequent luciferase reporter assay suggested that miR-124 directly targeted the Snail2 3'UTR. The present study provided novel evidence that miR-124 directly inhibited the expression of Snail2. Therefore, miR-124 inhibited the proliferation and invasion of OS cells by repressing the expression of Snail2.
The results of the present study suggested that miR-124 inhibited the proliferation and invasion of OS cells by downregulating Snail2, and that the downregulation of Snail2 was essential for the miR-124-induced inhibited invasion of OS cells.
Materials and methods
Clinical specimens, cell culture, and cell transfection. A total of three paraffin-embedded OS specimens and three corresponding adjacent OS samples were obtained from the Shenzhen Second People's Hospital, the First Hospital Affiliated to Shenzhen University (Shenzhen, China) and were used in accordance with the policies of the Hospital's Institutional Review Board. The samples were selected from patients who had not been previously treated with chemotherapeutic drugs. All specimens were histologically and clinically diagnosed at the Department of Orthopedics.
All diagnoses were confirmed via light microscopy. No patient had received any antitumor treatments prior to the biopsy. The U2OS and Saos-2 human OS cell lines (Chinese Academy of Sciences, Shanghai, China) were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin-streptomycin (100 U/ml penicillin and 100 µg/ml streptomycin) at 37˚C with 5% CO 2 .
The miR-124 mimics and negative control duplex were synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, China). The U2OS and Saos-2 cells were seeded in 6-well plates at 50% confluence 1 day prior to transfection. Lipofectamine 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) was used to perform transfection in the miR-mimics group (cells transfected with miR-124 mimics) and miR-control group (cells transfected with negative control duplex). The transfection complexes were prepared according to the manufacturer's protocol.
Cell proliferation assay. The effects of miR-124 on U2OS proliferation were assessed using a Cell Counting Kit-8 (CCK-8) assay. Cells in the exponential phase were seeded in 96-well plates at a density of 1x10 3 cells per well. Following a 24-h growth period, the cells were cultured in DMEM with 100 nM of either miR-control or miR-124 mimic. Following incubation for 24, 36, 48, 60 or 72 h, the supernatant was removed and 10 µl CCK-8 was added to each well. Following a 2-h incubation period at 37˚C, the absorbance was measured at a wavelength of 450 nm with a Thermoplate microplate reader (Rayto Life and Analytical Science Co., Ltd., Shenzhen, China). Each group was read three times, and an average was calculated.
Colony formation assay. For the colony formation assay, the cells were inoculated onto 6-well plates at a density of 200 cells/well. Following culture for 14 days, the cells were transfected, and the colonies were fixed with methanol and stained with 0.5% crystal violet. The colony number of each group was then counted under an inverted optical microscope (IX70; Olympus, Tokyo, Japan).
Transmembrane invasion assay. The U2OS cells were transfected with miR-124 or miR-control for 12 h; the cells (5x10 4 cells/500 µl) were then transferred into the upper chamber of Millicell inserts with an 8-µm pore size polyporous membrane (EMD Millipore, Billerica, MA, USA) in serum-free DMEM. A low-serum medium (0.5% FBS) was added to the lower chambers as the chemoattractant. Cell invasion was allowed to proceed for 24 h at 37˚C in the incubator. Following incubation, those cells which had invaded through the membrane were fixed with 10% paraformaldehyde for 30 min, stained with 0.5% crystal violet staining solution, and images were captured for counting under a microscope using a digital camera.
Luciferase activity assay. Primers were designed in accordance with the GenBank query Snail2 gene mRNA (NM_003068) sequence (https://www.ncbi.nlm.nih. gov/nuccore/NM_003068). 3'UTR of a Snail2 from cDNA A fragment of the 3'UTR of Snail2 was amplified from the cNDA from U2OS cells via polymerase chain reaction (PCR) using the following primers: Forward, 5'-CCC CTC GAG GTG ACG CAA TCA ATG TTT ACT CGA ACA G-3' and reverse, 5'-CGG GCG GCC GCC TTG TTA ACA AAC AAT TCT TTG TAC-3' To run the reaction, 100 ng of cDNA, 1 µM of each primer, 10 µl 10X Pfu buffer mix, 1 mM dNTPs mixture, and 1 µl PrimeSTAR HS DNA Polymerase (Takara Biotechnology Co., Ltd., Dalian, China) were mixture with deionized water <50 µl, in thermocycler for 95˚C for 10 sec, followed by 30 cycles of 95˚C for 5 sec, and 55˚C for 30 sec, 1 min at 68˚C, finally 7 min at 72˚C. Following digestion of the PCR product with 0.5 µl XhoI and 0.5 µl NotI (Thermo Fisher Scientific, Inc.) at 37˚C for 1 h, gel purification of the digested PCR product was ligated into the XhoI/NotI-digested pSiCHECK2 vector (Promega Corporation, Madison, WI, USA) at 16˚C overnight. The resultant plasmid was named pSiCHECK2-Snail2 3'UTR wt. The mutations of the three sites of perfect complementarity were introduced by synthesizing the DNA mutation code; this was then amplified by PCR and cloned into the XhoI/NotI sites of the psiCHECKTM-2 vector (Promega Corporation) in order to perform the luciferase assay. All PCR products were verified by DNA sequencing. The U2OS cells were co-transfected with the pSiCHECK2 vectors containing the 3'UTR variants and either the miR-124 mimic or the control miRNA. Following transfection for 24 h, the Dual-Luciferase Reporter Assay system (Promega Corporation) was used to measure luciferase activity via a thermoplate reader (Rayto Life and Analytical Science Co., Ltd.) according to the manufacturer's protocol. The firefly luciferase activity was then normalized to the Renilla luciferase activity.
RNA extraction and reverse transcription-quantitative (RT-q)
PCR analysis. Total RNA was isolated from the U2OS cells using the TRIzol reagent (Thermo Fisher Scientific, Inc.). The RNA extract was then subjected to an RT reaction using the M-MLV reverse transcriptase (Takara Biotechnology Co., Ltd., Dalian, China); this was performed according to the manufacturer's protocol. The miRNAs were reverse transcribed using the sequence-specific primers listed in Table I . The PCR analysis was performed in an ABI 7500 cycler (Applied Biosystems; Thermo Fisher Scientific, Inc.). The cycling temperatures were as follows: Denaturing, 95˚C; annealing, 60˚C; extension, 70˚C. In detail, the 20 µl PCR reaction mixture included 2.0 µl RT product, 1 µl PCR each primer, 10 µl Premix Ex Taq (Takara Biotechnology Co., Ltd.), 6 µl deionized water. These reaction mixtures were incubated at 95˚C for 10 sec, followed by 40 cycles of 95˚C for 5 sec, and 60˚C for 30 sec. All reactions were run in triplicate. The relative expression levels of the target gene Snail2 were evaluated based on the reference gene β-actin with the principle of SYBR-Green technology. The relative expression of miR-124 was detected using a SYBR PrimeScript miRNA RT-qPCR kit (Takara Biotechnology Co., Ltd.). This was performed according to the manufacturer's protocol, using U-6 as an internal control. All data analyses were performed using the 2 -ΔΔCq method (23) .
Western blot analysis. The U2OS cells, transfected for 48 h with either miR-124 mimic or with miR-control oligonucleotide, were harvested and lysed in lysis buffer (1% SDS containing 50 mM NaF, 1.5 mM Na 3 VO 4 and 0.5 mM PMSF). After determining the protein concentration using a bicinchoninic acid protein (BCA) assay kit (Pierce; Thermo Fisher Scientific, Inc.). Equal quantities (50 µg) of total proteins were separated on 12% SDS-polyacrylamide gels and transferred onto a polyvinylidene fluoride membrane. Then the membranes were blocked with TBST (TBS 0.1% Tween-20) containing 5% non-fat dry milk, followed by immunoblotting with primary antibodies against Snail2 (dilution, 1:1,000; cat. no. sc-166476; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) or GAPDH (dilution, 1:1,000; cat. no. sc-47724; Santa Cruz Biotechnology, Inc.) overnight at 4˚C. Membranes were washed with TBST, incubated for 1 h at room temperature with by horseradish-peroxidase-conjugated secondary antibody (dilution, 1:5,000; cat. no. W4021; Promega Corporation) for 1 h, and visualized using an enhanced chemiluminescence detection kit (Pierce; Thermo Fisher Scientific, Inc.). The images were captured and visualized via chemiluminescence.
In vivo tumor growth model. To determine the in vivo tumorigenicity, subcutaneous animal models were established. A total of 18 male BALB/c athymic nude mice, aged 4-6 weeks, body weight 15-20 g were purchased from Vital River Laboratories Co., Ltd. (Beijing, China), provided with sterilized water and food, and housed in standard lab conditions with 12 h light/dark cycles. The procedures for the care and use of animals followed the guide for the Care and Use of Laboratory Animals (24) and experimental protocols were approved by the Animal Care and Use Ethics Committee of Shenzhen University. The mice were randomly divided into three groups (n=6 per group) according to the injected cells. Following lentivirus infection and selection, the U2OS cells found to stably express miR-124 (miR-124) and empty vector cells (miR-NC) were washed and re-suspended with PBS; Table I . Primers used for reverse transcription-quantitative polymerase chain reaction analysis and miR reverse transcription.
Name Sequence
miR, microRNA; F, forward primer; R, reverse primer; RT, loop primer for miR reverse transcription; snRNA, small nuclear RNA. 1x10 6 cells (200 µl) were then subcutaneously injected into the dorsal flank of the nude mice. The mice were monitored daily for 1 month following injection, and the size of the xenografted OS tissues and the tumor formation rate of the three groups were compared. After 22 days, the mice were sacrificed and the tumors were dissected and weighed.
Bioinformatics and statistical analysis. The miRNA targets predicted by computer-aided algorithms were obtained from TargetScan (http://www.targetscan.org). Statistical analysis was performed using SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). All data are presented as the mean ± standard deviation. Statistical differences were measured using one-way analysis of variance and Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results

miR-124 is downregulated in human OS.
The total RNAs isolated from three paired OS and adjacent normal colorectal tissues were analyzed via a miRNA array. The relative changes in the expression levels were indicated by a color code. However, a limitation of the miRNA array was that only a small quantity of samples was used; from a clinical perspective, it may be difficult to obtain biopsies from patients who have not previously treated with chemotherapeutic drugs. The histological assessment of adjacent normal bone tissues and OS tissues is shown in Fig. 1 . Notably, of the miRNA array results, miR-124 was one of the most frequently downregulated miRNAs in human OS. miR-124 was expressed at significantly lower levels in the OS tissues, compared with the adjacent normal tissues, as shown in Fig. 2 .
Overexpression of miR-124 inhibits the proliferation and invasion of OS cells.
The clinical results suggested that miR-124 was significantly downregulated; therefore, it was hypothesized that this downregulation of miR-124 may contribute to the progression of OS. Accordingly, the overexpression of miR-124 in OS-adjacent normal tissues may inhibit the malignant phenotype of OS cells. To examine the function of miR-124 in the cell model, miR-124 mimics and negative control miR-124 were transiently transfected into the OS cell line, and the rates of proliferation and invasion were evaluated. The overexpression of miR-124 in U2OS and Saos-2 cells demonstrated a smaller number of colonies and had a lower clonogenic capability (Fig. 3) . The CCK-8 assay indicated lower cell proliferation rates in the Saos-2 and U2OS cells when overexpressing miR-124 (Fig. 4) . Therefore, these results indicated that miR-124 significantly reduced cell proliferation and clonogenicity. In addition, miR-124 inhibited the invasion of human OS cells. The relative crystal staining in the miR-124 group was significantly slower, compared with that in the control group (Fig. 5A) ; this suggested that the number of invaded cells through the polyporous membrane was significantly lower in the miR-124 group, compared with that in the control group (Fig. 5B and  C) .
Overexpression of miR-124 inhibits OS tumor formation in vivo.
To confirm that the biological effects of miR-124 observed in the cultured cells are relevant to OS growth and invasion in vivo, and to further confirm whether miR-124 inhibits tumor growth, a BALB/c mouse OS xenograft model was established using the U2OS OS cell line. miR-124 and the control cells were subcutaneously inoculated into BALB/C athymic nude mice and U2OS tumor cells were subcutaneously injected into the neck. As shown in Fig. 6A , the tumors formed by miR-124 cells grew more slowly than those formed by the vector control cells following inoculation. Additionally, the difference in the average tumor volume between the experimental and control group of animals continued to increase, being two-fold higher at the experimental endpoint (22 days; Fig. 6A and B) . Decreases in the sizes and weights of the tumors excised from animals in the miR-124-overexpression group were also observed, compared with those of the control group (Fig. 6B) . These data indicated a significant reduction in tumor volume in the miR-124 transfected cells, compared with the mock control group and the miR-control group (P<0.01; Fig. 6B ). Snail2 is a direct target of miR-124. miRNA functions in the post-transcriptional regulator of gene expression by targeting the 3'UTR of mRNAs; therefore, the present study used the miRNA target prediction database TargetScan (http://www.targetscan.org/) to identify the miR-124 target for further computational analyses. As predicted by the TargetScan database, miR-124 contains three potential target sites in the Snail2 3'UTR region. These binding sites (positions 439-446, 639-645 and 843-849) are highly conserved in mammals (Fig. 7A) . To examine the association between miR-124 and Snail2, it was necessary to first identify the function of miR-124 on the Snail2 3'UTR. The full length wild-type Snail2 mRNA 3'UTR was cloned into the downstream of the Renilla luciferase gene in the psiCHECK-2 vector, using the firefly luciferase coding gene as an internal control. A dual-luciferase reporter assay presented changes in relative luciferase activity in each group following transfection. The luciferase activity was significantly decreased in the group co-transfected with the pSiCHECK2-Snail2 3'UTR wt and miR-124, compared with the other groups (P<0.01; Fig. 7B ). The mutation of the three binding positions resulted in reporter activity recovery in two OS cells. These results indicated that miR-124 directly targeted Snail2 mRNA via the putative binding sites in the three positions of the Snail2 3'UTR, suggesting that the suppression was recovered by mutating the miR-124 binding site in the UTR region. The effect of miR-124 on the expression of Snail2 was further analyzed using RT-qPCR and western blot analyses. Western blot analysis was performed in order to determine the protein expressions of Snail2 and GAPDH. RT-qPCR analysis was used to detect the expression of Snail2 and β-actin at the mRNA levels. The expression of Snail2 was attenuated in the miR-124-transfected group, compared with that in the NC and control groups. As shown in Fig. 7C and D, the expression of Snail2 was decreased at the mRNA and protein levels in the miR-124-transfected group, compared with either the blank control group or the empty miR control group (P<0.05).
Discussion
MicroRNAs are important epigenetic regulators of gene expression at the posttranscriptional level and are involved in basic biological processes, including cell proliferation, differentiation and apoptosis. In accordance with this, deregulated miRNA expression has been implicated in several diseases; for example, it is important in the development and progression of human malignancies. Several miRNAs have been linked to OS, however, their role in the regulation of OS remains to be fully elucidated.
miR-124 is the most abundant, well-conserved specific miRNA expressed in brain tissue, however, it has also been observed to be involved tumors, including gastric cancer, breast cancer, nasopharyngeal carcinoma and hepatocellular carcinoma, where it is considered one of the expression-silenced miRNAs (25) (26) (27) . In the present study, it was demonstrated that miR-124 was downregulated in OS, suggesting that miR-124 functions as a tumor suppressor. Substantial evidence has shed light on the importance of miR-124 in the development and progression of other types of cancer. However, the involvement of miR-124 in human OS remains to be fully elucidated. The present preliminary study examined human OS tissues and normal tissues from different patients, using the human Saos-2 and U2OS OS cell lines. Gain-of-function experiments were performed using miR-124 mimic transfection. Quantitative cell invasion assays were performed, and cell proliferation was examined via CCK-8. The miR-124 mimics inhibited OS cell proliferation and invasion. The results suggested that miR-124 was involved in regulating the proliferation and invasion of U2OS and Saos-2 human OS cells. Therefore, the regulation of OS cell invasion and migration by miR-124 may be associated with the expression of important genes involved in OS cell invasion. The present study also investigated the possible regulation of target gene expression by miR-124 and noted that miR-124 has three conserved binding sites on the 3'UTR of transcription factor Snail2 mRNA. Based on these findings, it was hypothesized that miR-124 directly targets Snail2 mRNA.
Snail2 is an alias for the Slug gene in humans. Snail2 is a member of the Snail C2H2-type zinc-finger transcriptional repressor protein family. This gene shares homologies with other species, including mice, rats, zebrafish, frogs and flies. Snail2 is known to stimulate angiogenesis, cell proliferation and invasion in human tumor malignancies, including OS, where it primarily promotes the epithelial-mesenchymal transition (EMT) in tumor progression and metastasis (28) (29) (30) . Evidence has shown that the transcription factors involved in the EMT are significant in OS (31) (32) (33) . Therefore, it is feasible to hypothesize that miR-124 targets certain important transcription factors in OS.
The results of the present study supported the hypothesis that miR-124 directly targets the Snail2 gene in human OS. The transfection of OS cells with miR-124 mimics suppressed the expression of Snail2. To determine whether miR-124 targets Snail2 directly, reporter assays were performed. According to the results of the dual-luciferase reporter system, miR-124 decreased the activity of a luciferase reporter fused to the Snail2 3'UTR, suggesting that miR-124 inhibits the reporter activity of gene expression by targeting the Snail2 3'UTR in OS cells. This supports the hypothesis that Snail2 serves as a candidate target gene of miR-124. The present study used western blot analysis and RT-qPCR analyses for the expression of Snail2 in order to further validate the role of Snail2 as a target for miR-124. As Snail2 has traditionally been implicated in promoting EMT in the various systems of tumor progression, it is of note in the described mechanism that miR-124 appears to be necessary for repressing the expression of Snail2. This inhibition, in turn, decreases the EMT level localized at the cell membrane, including the level of β-catenin, and reduces OS invasion. This role of miR-124/Snail2 may assist in the development of novel anti-metastatic therapeutics for OS and improve the understanding of EMT mechanisms in the OS systems.
The present study provided information on the function of miR-124 in OS and suggested that miR-124 may offer potential as a novel therapy for OS. However, the mechanism underlying the inhibition induced by miR-124 on OS remains to be fully elucidated, as miR-124 has multiple targets in addition to Snail2. For example, there is evidence that miR-124 targets the expression of integrin αV to inhibit human hepatocellular carcinoma invasion (34) . In addition, Snail2 is affected by other miRNAs (31, 35) . It may be meaningful to examine the effects of other miRNAs and proteins with regard to OS (36) . The preliminary experiments in the present study suggested a role for miR-124 as a suppressor of miRNA in human OS cells, resulting in the suppression of tumor cell proliferation and invasion. Further experiments are recommended to investigate the role of miR-124 in OS with a focus on the EMT process.
miR-124 may also be established as an OS biomarker. Therefore, novel and improved diagnostic and prognostic molecular targets are necessary, particularly for patient groups with a high risk for OS progression, recurrence and metastasis.
In conclusion, the findings of the present study revealed that miR-124, which was downregulated in OS, functioned as a protective miRNA by attenuating OS cell proliferation and invasion. Furthermore, the potential mechanism may involve regulating the Snail2 pathway, providing novel insights into the molecular mechanisms underlying the progression of OS and potential therapeutic targets towards a novel treatment for OS.
